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We consider MSSMwith right-chiral neutrino superfields with Majorana masses, where the lightest
right-handed sneutrino dominated scalars constitutes non-thermal dark matter (DM). The ∆L = 2
masses are subject to severe constraints coming from freeze-in relic density of such DM candidates
as well as from sterile neutrino freeze-in. In addition, big-bang Nucleosynthesis and freeze-out of
the next-to-lightest superparticle shrink the viable parameter space of such a scenario. We examine
various ∆L = 2 mass terms for families other than that corresponding to the LSP sneutrino.
∆L = 2 masses are difficult to reconcile with a right-sneutrino DM, unless there is either (a) a
hierarchy of about 3 orders of magnitudes among various supersymmetry-breaking mass parameters,
or, (b) strong cancellation between the higgsino mass and the trilinear supersymmetry breaking mass
parameter for sneutrinos.
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2I. INTRODUCTION
While the search for the dark matter (DM) candidate(s) of our universe is on, one constantly feels the necessity
of going beyond stereotypes in modelling physics beyond the standard model (SM) to accommodate the candidate
particle(s). It is in this spirit that alternative candidates in small extensions of the minimal supersymmetric standard
model (MSSM) have been explored. One example consists in scenarios with gravitino as warm DM [1–9]. Another,
quite minimalistic, extension is to extend the MSSM with a right-chiral neutrino superfield for each family, and postu-
late that one right-sneutrino-dominated scalar is the DM candidate. Various cosmological as well as phenomenological
implications of this scenario have already been explored [9–17].
The interaction of a sneutrino DM particle with all other MSSM fields is proportional to the very small neutrino
Yukawa coupling. Consequently, this scenario almost always leads to a non-thermal DM, with a long-lived next-to-
lightest SUSY particle (NLSP). Such a long-lived NLSP mostly survives till it decouples from the thermal bath, and
decays to the DM candidate thereafter. Such scenarios have been often explored by assuming that neutrinos have just
Dirac masses, in which cases their Yukawa coupling strengths are O(10−13) [13, 18–25].
Some additional issues become important if neutrinos have Majorana masses as well. This will require the right-
handed neutrino fields to have ∆L = 2 mass terms. The Type-I seesaw mechanism works here, thus requiring
somewhat higher neutrino Yukawa couplings. This, however, entails the process of freeze-in of right sneutrinos while
the NLSP (a stau, for example) is yet to decouple. Studies including those on similar non-SUSY theories have shown
that such freeze-in contribution to the relic density impose rather strong constraints on the corresponding model
parameters [26–29]. In MSSM with right sneutrino DM and Dirac masses, too, this effect is small but non-negligable
and it constrains the associated parameter space [10, 23–25]. With ∆L = 2 mass terms present, however, the seesaw
formula allows bigger Yukawa couplings, and thus the constraints tighten. For a degenerate light neutrino spectrum
around 0.1 eV the limit on Majorana masses and Yukawa coupling was studied in [30]. These observations were
restricted to specific scenarios where all relevant SUSY-breaking parameters were taken to be around the electroweak
scale (i.e. 100 GeV). In [31] it was shown that the near degeneracy among the NLSP and LSP decreases the relic
density due to inverse decay of LSP.
The present study is more general, and takes into account wider ranges of mass scales as well the interplay of
various SUSY-breaking parameters. Unlike most approaches we allow a hierarchy of SUSY-breaking mass parameters.
The freeze-in of right-sneutrino DM from the decay of heavier superparticles will be affected by the (small but non-
vanishing) left-sneutrino component in the DM and hence the deciding factor is the sneutrino mixing angle, which
essentially depends on the off-diagonal part of the sneutrino mass matrix and is tightly constrained. One has to
also fit the neutrino mass and mixing patterns [32], and, quite seriously, the potential contribution of long-lived
sterile neutrinos generated via the Dodelson-Widrow mechanism [33–40]. Thus the ∆L = 2 masses, especially those
corresponding to the families other than the one the DM belongs to, get seriously restricted, especially in view of the
present limit on the dark matter relic density by the PLANCK collaboration [41]. The way such restrictions arise is
investigated in the present paper.
There can be several scales associated with the ∆L = 2 masses, consistent with the Type-I seesaw mechanism. The
commonly known GUT-scale seesaw won’t work for a case where non-thermal DM candidates are sought, as that would
entail Yukawa couplings large enough for them to thermalise. We find that, Majorana masses in the electroweak scale,
too, allow Yukawa couplings consistent with freeze-in rate, if a suppression in left-right mixing occurs via diagonal
SUSY breaking terms that are several orders of magnitude larger than the off-diagonal ones. Though the situation is
marginally better for O(1) GeV Majorana masses, a fine-tuned cancellation between the soft-and F-terms is required
there as well. The scenario with all the three Majorana masses ranging from 500 MeV down to a few tens of keV
is constrained by light element abundance. When all three masses are in keV scale, they all become warm dark
matter, a scenario ruled out already due to overproduction of the warm keV scale dark matter via Dodelson-Widrow
mechanism. We may have one ∆L = 2 mass in the eV scale [42], as considered in [30], but such a situation brings
in severe cosmological constraints [41, 43]. We establish freeze-in of right-sneutrino DM to be a major constraining
factor with ∆L = 2 masses. In such a case, not only the NLSP but also the rest of the MSSM spectrum contributes
to freeze-in. This constraint is thus largely applicable to scenarios including various NLSP candidates. We focus on
the stau and neutralino NLSP in particular.
Our paper have been organized as follows. In section II we discuss the model considered by us and the related
constrains coming from freeze-in, NLSP freeze-out, low mass sterile neutrinos and Big-bang Nucleosynthesis (BBN).
Section III has been devoted to the discussions of the analysis strategy followed by us in determining the allowed
parameter space still allowed from the constraints mentioned in section II. In section IV we have shown how the
constraints mentioned already can severely restrict the parameter space of such a scenario following the strategy men-
tioned. We summarise and conclude in section V. Finally the formula used by us have been tabulated in Appendices
A and B.
3II. THE MODEL AND CONSTRAINTS
We start by outlining the salient features of a right sneutrino DM scenario with ∆L = 2 masses, which warrant a
fresh study of the constraints at focus. We consider the MSSM scenario augmented with three right chiral neutrino
superfields (NˆR), which possess ∆L = 2 mass terms. Hence the superpotential gets extended to the form [44–46]
W =WMSSM + Y ijν HˆuLˆiNˆ jR +
1
2
M
ij
N Nˆ
i
RNˆ
j
R, (1)
where Hˆu is the higgs doublet that couples to up-type quarks, Lˆ is left-chiral SU(2) doublet lepton superfields and
NˆR is a right-handed neutrino superfield. While Yν is the neutrino Yukawa coupling matrix, MN is the ∆L = 2 mass
matrix for the heavy neutrinos, assumed, as already stated, to be diagonal, since basis rotations in the right-handed
neutrino sector is unlikely to affect our main conclusions.
Since we are not assuming any high-scale mechanism of SUSY breaking we need to add all allowed SUSY-breaking
terms phenomenologically. The relevant soft terms in this case are
Lsoft = LMSSMsoft −m2 ijN N˜∗iR N˜ jR + (m2 ijB N˜ iRN˜ jR − T ijν huL˜iN˜ jR + h.c.), (2)
where mN (mB) corresponds to ∆L = 0(2) susy-breaking sneutrino masses and Tν is the coefficient of the trilinear
SUSY-breaking term. The left-right mixing in the sneutrino sector occurs, via the soft terms proportional to Tν , and
the F-terms proportional to the higgsino mass parameter(µ), when hu(hd) acquires the vacuum expectation values
vu(vd). In addition to mN and mB, the F-term masses proportional toMN adds to the right-handed sneutrino masses.
In our case, one requires MN not to exceed this SUSY-breaking scale, so that a right sneutrino may behave as a DM
candidate.
To study the sneutrino mass terms and phenomenology of sneutrinos it is convenient to introduce the real fields,
(ν˜i1 , N˜
i
1 , ν˜
i
2 , N˜
i
2) defined as follows [30, 31, 46]:
ν˜iL =
1√
2
(ν˜i1 + i ν˜
i
2), N˜
i
R =
1√
2
(N˜ i1 + i N˜
i
2), (3)
In the basis constituted by CP-even(ν˜1 , N˜1) and CP-odd (ν˜2 , N˜2) real sneutrino fields, assuming no CP-violation
in the SUSY sector the sneutrino mass matrix takes the block-diagonal form
Mν˜ =


m2LL m
2
RL +mDMN 0 0
m2TRL +M
T
Nm
T
D m
2
RR −m2B 0 0
0 0 m2LL m
2
RL −mDMN
0 0 m2TRL −M TNmTD m2RR +m2B

 . (4)
where m2LL = m
2
l˜L
+
v2u
2
|Yν |2 + m
2
Z
2
cos 2β, m2RL = −µ∗
vd√
2
Yν +
vu√
2
Tν and m
2
RR =M
2
N +m
2
N +
v2u
2
|Yν |2 are the 3×3
mass matrices in the flavour basis, mD = Yν
vu√
2
is the Dirac mass matrix for neutrinos and ml˜L is the soft mass
term for the left-chiral slepton doublet L˜ (suppressing generation indices). Tν will be parametrised as Tν = Aν Yν ,
Aν being a mass-scale related to the scale of SUSY-breaking.
Each of the 6×6 blocks of the mass matrix in equation (4) can be diagonalized by an unitary transformation, which
mixes the right-chiral and left-chiral sneutrinos (separately in both CP-even and CP-odd sectors). The 3× 3 mixing
matrix between left-chiral and right-chiral sneutrinos is given by (when the off-diagonal elements of each of the two
blocks are much smaller than corresponding diagonal elements),
Θν˜ ≈ 2
[
m2LL − (m2RR ∓m2B)
]−1 [
(m2RL ±mDMN)
]T
, (5)
which is a multiplication of two matrices where the upper (lower) sign corresponds to mixing in the CP-even (CP-odd)
sector.
Since there is no mixing between the CP-Even and CP-odd sectors of the sneutrinos, both the lightest CP-even as
well as the lightest CP-odd snutrino will be dark matter in this scenario1. We are considering both (CP-even as well
1 Since the only possible decay of the CP-odd lightest sneutrino is into the CP-even one and the corresponding amplitude is suppressed
by the squares of the neutrino Yukawa coupling, the lifetime of this CP-odd lightest sneutrino will always be larger than the age of the
Universe. We have ensured this lifetime to be typically of order ≃ 1027 sec with proper choice of parameters.
4as CP-odd) lightest sneutrinos to be dominantly right-handed (i.e small left-right mixing angle (Θν˜)1j with j=1,2,3)
with masses
Mν˜1
DM
(ν˜2
DM
) ≃
√
m2RR ∓ m2B =
√
M2N +m
2
N +
v2u
2
|Yν |2 ∓ m2B, (6)
where the upper(lower) sign is for the CP-even(odd) dark matter ν˜1DM (ν˜
2
DM ).
The right-handed sneutrinos(ν˜R) being SM gauge singlets, their only interactions are governed by the mixing
(denoted by Θν˜) with the left-handed sneutrinos ν˜L . Pertaining to such small interaction strength, LSP ν˜Rs never
reaches thermal equillibrium and are produced from the decay of heavier superparticles (left-handed sleptons l˜L, left-
handed sneutrinos ν˜L, neutralinos χ
0
i and charginos χ
±
i ). Such production mechanism of non-thermal DM particles
is called freeze-in [47–58].
The yield of a DM particle produced via freeze-in is given by [49],
Yν˜i
DM
=
nν˜i
DM
s
≃ 45
1.66× 4pi4
MPl
gs∗
√
g
ρ
∗
∑
all A
gA Γ
i
A
m2A
∫ x=∞
x=0
K1(x)x
3dx , (7)
where nν˜i
DM
and s being the number density of the DM candidate and entropy density of the universe at the time
of freeze-in respectively. Furthermore, mA and gA are the mass and degrees of freedom of the decaying superparticle
A, whereas ΓiA is it’s decay width to the ν˜
i
DM . All the relevant decay amplitudes and decay widths are given in
Appendices A and B. The ratio
mA
T
is define as x and gs,ρ∗ are the number of degrees of freedom at the time of
freeze-in i.e. T ≃ mA for entropy s and energy density ρ respectively.
The relic density via freeze-in is given by[59],
ΩFI h
2 = 2.755× 108
∑
i
Mν˜i
DM
Yν˜i
DM
, (8)
where Mν˜i
DM
is the mass of sneutrino dark matter and the index i takes care of both the CP-even and CP-odd
sneutrino mass eigenstates. Using the values of MPl = 10
19GeV, gs∗ ≃ gρ∗ ≃ 100 [60] in equation 7, the freeze-in
relic density of ν˜DM , denoted by ΩFI in equation (8) can be estimated as,
ΩFI h
2 ≃ 1.92× 1023
∑
i
Mν˜i
DM
Γitot
m2susy
(9)
where Γitot =
∑
all A
gA Γ
i
A
∫ x=∞
x=0
K1(x)x
3dx with gA being the appropriate degree of freedom for each of the decaying
particles. Mν˜i
DM
is the mass of ν˜iDM and msusy is the generic value of the SUSY-breaking mass parameters in the
electroweak sector of the MSSM part of the spectrum.
Over and above freeze-in, the post freeze-out decay of next-to-lightest superparticle(NLSP) also gives rise to some
amount of DM relic, given by [47, 48]
ΩFO h
2 =
(∑
i
BR (NLSP→ ν˜iDM + SM)
Mν˜i
DM
MNLSP
)
ΩNLSP h
2, (10)
In our analysis we have considered the possibilities of dominantly right-handed stau (τ˜R) and bino or higgsino domi-
nated neutralino(χ01) being the NLSP. In any case the total relic density is determined by,
Ων˜DM h
2 = ΩFI h
2 +ΩFO h
2. (11)
While carrying out our analysis we have ensured that our chosen parameter region do satify the following constraints.
• PLANCK collaboration sets an upper limit on the DM relic density [41],
ΩCDMh
2 = 0.1199 ± 0.0027. (12)
which we have respected through out our analysis in determining the allowed parameter space of the model.
• The usual constraints on neutrino masses and mixing angles, mostly derived from oscillation data, have been
satisfied. In addition, since neutrino Yukawa couplings(Yν) and neutrino Majorana masses(MN) play a major
role in determining the left-right mixing angles (Θν˜), all the associated bounds (BBN constraints on heavy
neutrino decays, X-ray and Gamma-ray observations, DW production, Lyman-α forest) on the light sterile
neutrinos have been taken into account [33, 37, 61–67].
5Parameter Ranges(msusy ≃ 1TeV) Ranges(msusy ≃ 100TeV)
{θ12 , θ23 , θ13 } {33.62
◦, 47.2◦, 8.54◦} {33.62◦, 47.2◦, 8.54◦}
{δCP , α1 , α2} {
3pi
2
, pi
4
, pi
4
} { 3pi
2
, pi
4
, pi
4
}
(MN )11 10 keV 10 keV
MHN 10 keV - 50 keV, 500 MeV - O(10 GeV) O(10 GeV)-200 GeV
(mN )11 20 GeV - 400 GeV 20 GeV - 200 GeV
(mB)11 10 GeV 10 GeV
µ 500 GeV - 1.5 TeV 500 GeV - 1.5 TeV
tan β 10.5 3.5
Aν 20 GeV - 400 GeV 20 GeV - 400 GeV
(mN)
H 1 TeV 1 TeV
(mB)
H 175 GeV 175 GeV
mt˜1 1225 GeV 500 TeV
mt˜2 1725 GeV 502.4 TeV
At 3890 GeV 2089 TeV
mh0 125.62 GeV 124.77 GeV
mA0 2 TeV 3640 TeV
mq˜L,R 3 TeV 600 TeV
mg˜ 3 TeV 600 TeV
TABLE I. Input parameters and their ranges scanned in our analysis are tabulated here. The neutrino oscillation parameters,
(mN)
H , (mB)
H , (MN )11 and (mB)11 have been kept fixed as they have very little or no effect on the analysis carried out. The
Majorana masses (MN )
H and other supersymmetric parameters like (mN)11, µ, tanβ and Aν have been varied such that one
can satisfy the necesssary constraints on the freeze-in relic density (see equations. (14) and (19) respecively).
• The only possible decays of frozen-out NLSP into ν˜DM being suppressed by left-right mixing Θν˜ 1j , (where
j=1,2,3) the NLSPs are fairly long-lived and can potentially affect the standard BBN predictions [13, 43, 68–72].
We have taken note of these constraints through out our analysis by assuming τNLSP ≤ 100 sec. It is difficult to
accommodate a bino dominated neutralino as NLSP in such scenarios since the late decay of such a neutralino
gives rise to an unacceptably large sneutrino relic density. One’s best bet thus is either a higgsino dominated
neutralino or a dominantly right-handed stau to be the NLSP. In the range MNLSP ≃ 300 − 900GeV such
NLSP can only give rise to 1% of the total relic density (for Mν˜DM ≃ 100GeV) and hence one can safely ignore
their contribution and concentrate in the freeze-in contribution solely.
• The mass of lightest higgs emerging from the spectrum calculation using SPheno [73] is kept in the range
123GeV < mh0 < 128GeV [74, 75]. The stop mass parameters (mt˜1,2) and trilinear (At) couplings have been
fixed at such values as to ensure the observed value of mh0(see table I), which does not affect our arguments
presented in this paper. The mass window have been kept a little lenient, in order to account for various
theoretical uncertainties. Moreover, the consistency of lightest higgs couplings with LHC data [76, 77] have
been ensured with the help of LILITH [78] and HiggsBounds [79].
• The PMNS-driven contributions to FCNC processes like µ → e γ, τ → µ γ etc. are within the current limits [80].
III. STRATEGY OF OUR ANALYSIS
We summarize next the methodology adopted in obtaining the new results contained in this paper. The sneutrino
relic density via freeze-in depends on the decay width of heavier superparticles into it. Hence the corresponding
decay widths and the left-right mixing angles Θν˜ 1j (with j=1,2,3) are highly constrained by the PLANCK limit of
relic abundance 2. For a dominantly right-handed sneutrino dark matter, all the mixing angles Θν˜ 1j depend on
msusy ≈ ml˜L . The bino (mB˜) and wino (mW˜ 3) mass parameters are also in the same value for simplicity, and
henceforth ml˜L ,mB˜ and mW˜ 3 will collectively be denoted as msusy.
We have considered two representative cases, with msusy ≃ 1TeV (which is accessible at the LHC) and msusy ≃
O(100)TeV (inaccessible at the colliders). For any msusy, equation (5) and (9) allow one to translate the limits on
2 Henceforth we will denote all the mixing angles of ν˜ LSP collectively as Θν˜ 1j without mentioning the values j can acquire since our
arguments apply to all possible j values. When we refer to any particular mixing angle the specific value of j will be mentioned.
6Θν˜ 1j into constraints on the parameters Aν , µ, tanβ, Yν and, last but not the least, on mRR and mB (see section IV
for details).
In order to study the dependence of relic density on these parameters, we have varied them in several ranges quoted
in table I. The best fit values for the neutrino oscillation parameters have been taken from [32]. The Majorana
phases (α1 , α2) have been set to
pi
4 since variation in them does not change the order of magnitude of Yν , which
is all important for the scenario under consideration. (MN )11, (mN )11 ((mB)11) are respectively the Majorana
mass, ∆L = 0(2) SUSY-breaking masses for the LSP sneutrino, while MHN , (mN )
H ((mB)
H) are the corresponding
parameters for the remaining two heavier right-handed sneutrinos. One should note that in both of the aforementioned
cases of msusy, we have used (mB)11 << (mN )11 in order to ensure τν˜2
DM
≥ 1027 sec. For msusy ≃ 1TeV, the
region 50 keV < MHN < 500MeV has been left out, since such values cause the heavy neutrinos to decay after
100 sec. [34], thereby disturbing standard BBN predictions. Overall, while our analysis is insensitive to the choices
of (mN )
H and (mB)
H , the benchmark values (shown in table I) are chosen to ensure that the heavier sneutrino
mass eigenstates are heavier than the NLSP and decay before BBN. The same argument applies to the parameters
(mt˜1,2 , At ,mq˜L,R ,mg˜ ,mA0) related to strongly interacting sector and higgs sector of the model. All these parameters
have been kept fixed through out the analysis at the values quoted in table I although our conclusion is not specific
to such values.
Higgsino freeze-in : The situation is different when the higgsino component in χ0i (i=1,..4) decays into ν˜
i
DM
while the former is in the equilibrium with the thermal bath. The decay amplitude in this case depends solely on Yν .
If the right sneutrino LSP is of the same family as that of the lightest active neutrino, then the higgsino decay width
to the LSP sneutrino is solely determined by the lightest neutrino Yukawa couplings (Yν)1i, (i = 1, 2, 3), assuming
normal hierarchy(NH) of neutrino masses 3. We have found that for (Yν)1i ≃ 10−12 the higgsino decay saturates the
sneutrino relic abundance. Since the lightest active neutrino mass is a free parameter in the hierarchical scenario, it
can be tuned to control the contribution of any higgsino-dominated neutralino to relic abundance. Using this freedom
if we reduce these Yukawa couplings to O(10−14) or less, the higgsino contribution is even lesser. In order to look for
the effect of other parameters on the relic density we have been a little indulgent in our choice of (Yν)1i. Throughout
our analysis, these Yukawa couplings corresponding to the flavour eigenstates dominating the lightest mass eigenstate
is thus set to O(10−13) thus yielding the lightest neutrino mass m1 ≃ 10−8 eV for a 10 keV Majorana mass. The
freeze-in of Higgsinos in this case contributes about 1% of the total relic of ν˜DM . This choice considerably simplifies
our analysis. The more general mixing scenario multiplies the number of free parameters but does not affect the
constraint on the Majorana mass of the lightest neutrino. The Yukawa couplings for other neutrinos are dictated by
the Majorana mass(es) and neutrino oscillation data. These couplings can be considerably large compared to the pure
Dirac case. One can use the Casas-Ibarra parametrization [81]4 to write,
Yν =
−i√2
vu
√
MN R
√
m
diag
ν U
†
PMNS . (13)
where, R is a complex orthogonal matrix, mdiagν is the diagonalized light-neutrino mass matrix (whose elements are
determined by ∆m2⊙ and ∆m
2
⊕) and UPMNS is the diagonalizing matrix. Since one light neutrino is effectively
massless, we have parametrized R as [82]
R =

1 0 00 cos ω sin ω
0 − sin ω cos ω

,
where a non-vanishing R11 with appropriate m
diag
ν reflects the postulated hierarchy. We use ω = i.
IV. RESULTS
As has been mentioned in section III, very high ∆L = 2 neutrino masses lead to Yukawa couplings that are
inadmissible from freeze-in constraints. We consider two representative values of msusy , namely 1 TeV and 100 TeV.
Both of these ranges are consistent with freeze-in constraints.
3 For inverted hierarchy (IH), the conclusions are not very different if the sneutrino associated with the lightest active neutrino is the DM
candidate. For the quasi- degenerate scenario, the lightest neutrino mass is bound to be ≃ 10−2 eV. In order to prevent higgsino decays
from overproducing sneutrino dark matter via Yukawa interaction, one has to lower the Majorana mass corresponding to the lightest
neutrino eigenstate. One thus finds oneself pushed down to eV-scale value for this Majorana mass. Such a situation has already been
mentioned in [30]; however, recent limits from BBN and recombination [41, 43] strongly restricts this scenario.
4 Since for our present analysis only the order of magnitude of the Dirac Yukawa matrix elements matters, the Casas- Ibarra parametrization
helps us fix the Yukawa matrix conveniently which satisfies neutrino oscillation data by construction, without any random sampling.
7A. Results for msusy ≃ 1TeV
In this scenario with all MSSM superparticles in the TeV scale, equation (9) implies [41],
∑
i
Mν˜i
DM
Γν˜i
DM
. 5.2× 10−19GeV2. (14)
The sfermions give the dominant contribution to the decay width compared to the contributions from bino and winos
since it is enhanced by a phase-space factor of
m2susy
m2EW
(e.g compare (A1e)-(A1f)). Thus for DM masses around 100
GeV, equation (14) leads to (Θν˜)1j ≃ 10−12 in order to satisfy correct freeze-in relic density. Following equation (5)
(after neutrino mixing pattern is taken into account) one finds that,
[Yν ((Aν − µ cotβ)I ∓MN )]ij ≃ 10−8GeV for i, j = 1, 2, 3, (15)
where I is 3× 3 identity matrix.
In the absence of ∆L = 2 masses (MN ), equation (15) is easily satisfied. In this case neutrino oscillation data
fixes Yν ≃ 10−13, and hence one needs (Aν − µ cotβ) ≤ 105GeV, which is consistent with Aν and µ on the order of
several hundreds of GeV. On the other hand, the presence of MN further constrains Yν , thus satisfying equation (15)
for (Aν −µ cotβ) within a limited range. This allowed range depends on Mν˜i
DM
, with larger values of Mν˜i
DM
allowing
smaller (Aν − µ cotβ) following equation (14). In determining this allowed range we have taken into consideration
the relic density of both the CP-even and CP-odd LSP states i.e. in our notation ΩFIh
2 = Ων˜1
DM
h2 + Ων˜2
DM
h2.
Following the equation (15) it is also evident that the matrix YνMN is also tightly constrained. As already mentioned
in section III, the Yukawa couplings corresponding to lightest neutrino ((Yν)1i) have been chosen to be very small and
hence the corresponding Majorana mass (MN )11 is not so tightly constrained as the other Majorana masses (MN )H .
We kept (MN )11 fixed during our analysis. On the other hand, Majorana masses (M
H
N ) are allowed only upto a few
tens of GeV. In view of the BBN constraints on the lifetime of heavy neutrinos, we have considered two possible
ranges of MHN :
1. In the first case we considered all the Majorana masses((MN)11 ,M
H
N ) to be on the keV-scale and denote the
Majorana mass matrix as MN I, where MN = (MN )11 =M
H
N .
2. In the second case, the heavier Majorana masses ((MN )22,33 = M
H
N ) have been assumed to be in the range 500
MeV - 20 GeV while the lightest ∆L = 2 mass (MN )11 is kept fixed at 10 keV.
1. keV scale Majorana mass
The dependence of relic density on the supersymmetric parameters (Aν , µ, (mN )11) and Majorana masses(MN) are
shown in figure 1. As argued in section III, the determining factor are the mixing angles Θν˜ 1j and hence the elements
of the matrix Yν(Aν − µ cotβ I ∓ MN I). For all the elements of the matrix MN are in the keV range, the largest
element of the matrix Yν is ≃ 10−10, leading to MN (Yν)ij ≃ 10−14GeV for all i,j=1,2,3, which is much smaller than
10−8GeV that is required for correct relic-density (see equation (15)). Thus the correct relic density requires,
(Yν)ij (Aν − µ cotβ) ≃ 10−8GeV for i, j = 1, 2, 3, (16)
which indicates |Aν − µ cotβ| ≃ O(100GeV) is allowed in order to obtain correct relic density for Mν˜i
DM
≃ 100GeV.
One may wonder how is this situation different from the pure Dirac neutrino masses. One should remember that
in case of pure Dirac masses all the elements of Yν ≃ O(10−13), while even the tiny Majorana masses considered
here have raised some of the elements of Yν to O(10−10) thereby affecting the allowed range of |Aν − µ cotβ|. The
figure 1(a) depicts how the relic density varies with µ for given values of Aν , while figure 1(b) shows the allowed
region in µ − Aν plane for (mN )11 ≃ 100GeV and two different values of MN . As MN increases from 10 keV to
30 keV, the elements of YνMN in equation (15) increases and consequently the allowed region in µ−Aν plane shrinks.
For each of these plots a minimum of relic density occurs when µ cotβ = Aν . As µ departs from this point of exact
cancellation relic density increases. In figure 1(c) and (d) we have showed the variation of relic density with (mN )11
and MN respectively. With increase in (mN )11, Mν˜i
DM
increases and relic density being proportional to Mν˜i
DM
(see
equation (9)), also increases linearly with (mN )11. Whereas, with increase in MN , (Yν)ij increases and relic increases
pertaining to increase in Θν˜ 1j .
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FIG. 1. For msusy = 1TeV the dependence of freeze-in relic density with µ (subfigure 1(a)), (mN)11 (subfigure 1(c)) and MN
(subfigure 1(d)) have been shown. All the Majorana masses have been taken in the keV scale, Aν is varied in the EW scale
and tan β = 10.5 has been taken. The allowed region in the µ − Aν plane for MN = 10 keV is shown in the subfigure 1(b).
This plot also embodies how the allowed region of µ− Aν plane shrinks as MN is increased.
Thus there is ample parameter space available for a right-sneutrino to be the LSP in presence of MN ≃ O(keV ).
However, our choice of keV-scale Majorana masses (MN ) force all the sterile neutrinos to be warm DM. The Yukawa
couplings(Yν), being always consistent with neutrino oscillation data, yield too large a relic density via DW mechanism
for the corresponding heavy neutrinos [34] owing to their large mixing angles.
2. Majorana masses in the MeV-GeV range
Since the range of 50 keV - 500 MeV is disfavoured by BBN constraints, we now focus on heavy neutrino Majorana
masses (MHN ) in the 500 MeV-a few tens of GeV range. The dependence of right sneutrino relic density on SUSY
parameters Aν , µ, (mN )11 and M
H
N are shown in figure 2. The largest value of (Yν)ij is ≃ 10−8 for MHN ≃ 500MeV,
implying the largest element of YνM
H
N ≃ 10−8GeV. Thus one requires |Aν − µ cotβ| ≃ 1GeV in order to obtain
the correct relic density via freeze-in. This cancellation is clear in Figure 2(a) where for a given µ, a very small
range of Aν is allowed in order to satisfy the relic density. The allowed parameter space in µ−Aν plane where relic
density is below the observed value, is depicted in figure 2(b) with red and blue band for MHN = 500 MeV and 5 GeV
respectively. A magnified version of the region 900GeV ≤ µ ≤ 950GeV is shown in the inset of figure 2(b). Which
clearly shows the decrease in the permissible values of Aν for a given µ as one increase Majorana mass (M
H
N ) from
500 MeV to 5 GeV. The dependence of relic density with (mN )11 and M
H
N is shown in figure 2(c) where the contours
depicts the value of relic density. The nature of the contours can be explained as follows. An increase in (mN )11 raises
Mν˜i
DM
, and the relic density, too, increases linearly. On the other hand, the freeze-in relic density increases with MHN ,
since (Yν)ij (for i,j=2,3) and hence Θν˜ 1j also increase with M
H
N . Thus as we increase either (mN )11 or M
H
N the relic
density increases. One should notice that even when a fine cancellation between µ cotβ and Aν takes place (viz. in
figure 2(c) |Aν − µ cotβ| ≃ 0.38GeV), MHN is allowed to be only up to a few tens of GeV, depending on the value of
(mN )11. This is because, although |Aν − µ cotβ| is fixed at 0.38GeV, (Yν)ij(for i,j=2,3) increases with an increasing
MHN and consequently (Aν − µ cotβ ∓ MHN )(Yν)ij becomes ≥ 10−8GeV for some value of MHN , thereby overclosing
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FIG. 2. Subigure 2(a) shows how how the exact cancellation between supersymmetry conserving term µ cot β and supersymme-
try breaking term Aν leads to correct freeze-in relic density for sneutrino with MeV-GeV scale Majorana masses. Subfigures 2(b)
and 2(c) show the variation of freeze-in relic density with (mN)11 and MN respectively. For each of the different values of µ,
Aν has been chosen such that equation (15) is satisfied and one obtains the maximum possible values of (mN)11(MN) for that
choice of |Aν −µ cot β|. If one chooses Aν and µ cot β to cancel more finely, one will get a larger value of (mN)11(MN ), but the
order of magnitude will not change. Subfigure 2(d) shows the allowed τ˜R soft masses mτ˜R of τ˜1 NLSP such that it’s lifetime
is ≤ 100 sec. All the parameters (Aτ , µ, tan β, θν˜ ≈ Θν˜ 13) that contributes to τ˜1 lifetime, are quoted in the figure. We have
assumed tan β = 10.5 in all the cases.
the universe.
A rather interesting signature of Dirac sneutrino LSP comes in the form of long-lived τ˜1 (lightest τ˜ mass eigenstate,
which is dominantly right-handed) NLSPs [10, 13, 16, 28]. A τ˜1 NLSP decays to ν˜DM in association with a W
±
boson. The decay width is given by,
Γτ˜1 =
g2Θ2ν˜ 13
32 pi
|U (τ˜1)L1 |2
M3τ˜1
m2W
[
1− 2(M
2
ν˜DM
+m2W )
M2τ˜1
+
(M2ν˜DM −m2W )2
M4τ˜1
]3/2
, (17)
where Mτ˜1 is the τ˜1 mass, mW is the W -boson mass and U
τ˜1
L1 = sin θτ˜1 . Where, the stau mixing angle θτ˜1 is given by,
tan 2θτ˜1 =
2 yτ v sinβ |Aτ − µ cotβ|
m2
l˜L
−mτ˜R
. (18)
All the parameters given in equation (18) are self-explanatory and their values can be found in figure 2(d). One
may wonder whether a τ˜1 can be the NLSP in presence of ∆L = 2 masses, since the sneutrino mixing angles Θν˜ 1j ,
which determines the lifetime of τ˜1, is severely constrained in the present scenario. Figure 2(d) shows the variation
of τ˜1 lifetime with its mass when right-sneutrino has correct relic density i.e. Θν˜ 1j . 10
−12. Clearly a wide range of
values of Mτ˜1 is allowed where the lifetime of τ˜1 is ≤ 100 sec, a constraint imposed by BBN. Thus even in presence
of ∆L = 2 masses, right- sneutrino can serve as a non-thermal DM candidate along with a τ˜1 NLSP, that leaves its
footprints in the form of a heavy stable charged track inside collider detectors.
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FIG. 3. Subfigure 3(a) show the variation of relic density a with increase inmsusy for Aν ,µ ,(mN)11 andM
H
N around electroweak
scale. In order to generate correct SM like higgs mass and satisfy all the constraints of EWSB tan β = 3.5 have been taken.
Subfigure 3(b) depicts how the allowed region of µ − Aν plane have been extended due to such increase in SUSY-breaking
masses i.e.msusy. The subfigure 3(c) and 3(d) plots of the lower panel show the variation of freeze-in relic density with (mN)11
and MHN respectively.
B. Results for msusy ≃ O(100)TeV
As we have seen, for msusy ≃ 1TeV, Majorana masses up to a few tens of GeV are allowed. If we allow even larger
values for heavy neutrino Majorana masses (MHN ) then the Yukawa couplings also increase leading to an increase in
the mixing angles Θν˜ 1j . To compensate the effect we have to increase msusy , and the denominator of the matrix
Θν˜ consequently increases. As an example, for superparticle masses around 100 TeV (or beyond), the relic density
requirement can be expressed as ∑
i
Mν˜i
DM
Γν˜i
DM
. 5.2× 10−15GeV2. (19)
If one assumes the DM masses to be still in the electroweak scale, the above equation implies Θν˜ 1j ≃ 10−9. From
equation (5) it is evident that MHN ≃ 100GeV will be allowed in this scenario.
The figure 3(a) shows the dependence of relic density on msusy for M
H
N = (mN )11 = 100GeV. Clearly, for
msusy ≃ 100TeV, the relic density is satisfied depending on the value of |Aν − µ cotβ|. Figure 3(b)depicts the
dependence of relic density on µ (for a fixed Aν and tanβ), which can differ from Aν tanβ up to a few hundreds of
GeV in this case. The dependency of relic density on MHN and (mN )11 is shown in Figure 3(c) and (d) respectively.
Both the plots show the expected increase in relic density as we go on increasing MHN and (mN )11. The explanation
for the predicted behaviours can be found in the discussion of figure 2 in the previous subsection.
One should note that µ, Mν˜i
DM
and Aν have been varied around the electroweak scale with tanβ = 3.5.This is
because electroweak symmetry breaking conditions are difficult to satisfy with larger tanβ, if msusy is as high as 100
TeV. It is quite understandable thatMν˜i
DM
should be of O(100GeV) in order to obtain correct relic density (following
figure 3(d)). On the other hand, µ should also be within a TeV, not only for satisfying electroweak symmetry breaking
conditions, but also to control freeze-in via ν˜L → ν˜R h. And consequently a Aν ≃ 100GeV is also required so that
|Aν − µ cotβ| does not become large enough to make the universe overclose. Hence, in this scenario we face an
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inexplicable hierarchy of SUSY-breaking parameters, to obtain the correct relic density, unless one engineer some
highly contrived fine-tuning between Aν and µ cotβ (see subsection IVA2).
V. SUMMARY AND CONCLUSIONS
We have worked with an MSSM scenario augmented with three families of right-chiral neutrino superfields, and
∆L = 2 mass terms in the superpotential as well as the scalar potential where masses for the light neutrinos have been
generated following Type-I seesaw mechanism. The right-handed sneutrinos are non-thermal dark matter candidate as
a result of small Yukawa couplings. We have restricted to hierarchical neutrino masses, latest constraints from Planck
data on DM as well as data on the neutrino sector. We have gone beyond earlier studies [30] where constraints on the
neutrino Majorana masses were obtained, mostly within a degenerate neutrino scenario. While the eV-scale scenario
proposed there is presently disfavoured, we have shown that the current picture admits of considerable varieties as
well as constraints in view of current observations.
• While the lightest neutrino mass and consequently the corresponding entry in the (diagonal) right-handed
neutrino mass matrix is a free parameter, the remaining ∆L = 2 mass terms are constrained rather tightly.
• If all three ∆L = 2 entries in MN are in the keV range, there is an allowed region of parameter space to realize
a right-handed sneutrino as non-thermal DM. But the all three sterile neutrinos, too, effectively constitute
warm dark matter. Such a situation, however, is disfavoured by the Dodelson-Widrow mechanism where the
abundance of the warm DM goes up unacceptably.
• For ∆L = 2 masses in the range 500 MeV-a few GeV, all constraints can be satisfied only if Aν and the
µ-parameter are considerably fine-tuned.
• ∆L = 2 masses on the electroweak scale and above are possible only if DM mass Mν˜i
DM
, µ and Aν are 2-3
orders of magnitude smaller than the remaining SUSY-breaking parameters, the later being on the order of 100
TeV.
We thus conclude that the right-sneutrino DM scenario, if at all the picture of nature, is subject to rather severe
constraints in presence of the ∆L = 2 masses. The exception to this requires an inexplicable hierarchy among
SUSY-breaking mass parameters or a severe cancellation between SUSY-conserving µ and SUSY-breaking parameter
Aν .
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Appendix A: Decay Widths
The decay widths of the channels that contribute to freeze-in of ν˜DM are as follows [83]:
Γ
(
H˜0u → ν˜RνL
)
=
1
32piMH˜0u
βf (MH˜0u
,MνL)(M
2
H˜0u
+M2νL −M2ν˜R)|A
(
H˜0u → ν˜RνL
)
|2, (A1a)
Γ
(
H˜+u → ν˜Rl+
)
=
1
32piMH˜+u
βf (MH˜+ ,Ml)(M
2
H˜+u
+M2l −M2ν˜R)|A
(
H˜+u → ν˜Rl+
)
|2, (A1b)
Γ (ν˜L → ν˜Rh) = 1
32piMν˜L
βf (Mν˜L ,Mh)|A (ν˜L → ν˜Rh) |2, (A1c)
Γ (ν˜L → ν˜RZ) = 1
32piMν˜L
M4ν˜L
M2Z
β3f (Mν˜L ,MZ)|A (ν˜L → ν˜RZ) |2, (A1d)
Γ
(
l˜L → ν˜RW−
)
=
1
32piMl˜L
M4
l˜L
M2W
β3f (Ml˜L ,MW )|A
(
l˜L → ν˜RW−
)
|2, (A1e)
Γ
(
B˜0 → ν˜RνL
)
=
1
32piMB˜0
βf (MB˜0 ,MνL)(M
2
B˜0
+M2νL −M2ν˜R)|A
(
B˜0 → ν˜RνL
)
|2, (A1f)
Γ
(
W˜ 0 → ν˜RνL
)
=
1
32piMW˜ 0
βf (MW˜ 0 ,MνL)(M
2
W˜ 0
+M2νL −M2ν˜R)|A
(
W˜ 0 → ν˜RνL
)
|2, (A1g)
Γ
(
W˜+ → ν˜Rl+
)
=
1
32piMW˜+
βf (MW˜+ ,Ml)(M
2
W˜+
+M2l −M2ν˜R)|A
(
W˜+ → ν˜Rl+
)
|2. (A1h)
where βf (MA,MB) =
(
1− 2M
2
ν˜R
+M2B
M2
A
+
(M2ν˜R
−M2B)
2
M4
A
)1/2
and AA→B ν˜R is the amplitude for the decay A→ B ν˜R.
We have tabulated all the relevant amplitudes in B.
Appendix B: Amplitudes
In this section we give the expressions for the amplitudes for all the decays considered for calculation of freeze-in
relic.
1. The two blocks of the sneutrino mass-matrixMν˜ given in equation (4) are diagonalized by two different hermitian
matrices. We denote both of these matrices as Zν˜ and use the appropriate matrix depending on whether we
are calculating the relic density of CP-even or CP-odd ν˜R LSP. It is quite clear that there being 6 CP-even and
6 CP-odd sneutrinos each of these Zν˜ are 6 × 6 matrices which one can cast in terms of the sneutrino mixing
matrix Θν˜ as,
Zν˜ ≈
[
I −ΘTν˜
Θν˜ I
]
(B1)
where I is 3 × 3 identity matrix. The mixing of the lightest sneutrino eigenstate with the left-handed flavour
eigenstate sneutrinos are given by Zν˜ 4k = Θν˜ 1k with k=1,2,3 and the corresponding mixing with right-chiral
sneutrinos are given by Zν˜ 4(3+k) = δ1k where k=1,2,3.
2. The full 6× 6 mass-matrices of neutrinos (νLi, NRi with i=1,2,3) is given by,
Mν =
[
0 mTD
mD MN
]
(B2)
which is diagonalized by a 6× 6 matrix,
UV =
[
U0 S
S UH
]
(B3)
where the top 3 × 3 block denoted by U0 is the usual PMNS-matrix. S denotes the mixing between νLs and
NRs and UH denotes the mixing between different generations of NRs.
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In the expressions that follows among the free indices i , j denotes the sneutrino generation appearing in the vertex
while I denotes the same for R-parity even particles and sleptons. Thus i, j = 1, ..., 6 and I = 1, 2, 3 are allowed.
Where index i = 4 corresponds to sneutrino LSP. The indices which has to be summed over have been shown
explicitely. PL =
1− γ5
2
is the left-handed projection operator, g2 being the weak coupling of SM and θw is the
Wienberg angle.
1. Interactions with Gauginos
1. A
(
B˜0 → ν˜iRνIL
)
=
i
2
g1 PL
3∑
k=1
U∗0 Ik Zν˜ ik
2. A
(
W˜ 0 → ν˜iRνIL
)
= − i
2
g2 PL
3∑
k=1
U∗0 Ik Zν˜ ik
3. A
(
H˜0u → ν˜iRνIL
)
= − i√
2
PL
(
3∑
k,l=1
Z∗ν˜ ik Yν lk UV I(3+l) +
3∑
k,l=1
Z∗ν˜ i(3+l) Yν lk UV Ik
)
4. A
(
W˜− → ν˜iRl− I
)
= − i
2
g2 PL Z
∗
ν˜ iI
5. A
(
H˜+u → ν˜iRl− I
)
=
i
2
PL
3∑
k=1
Z∗ν˜ i(3+k) Yν kI
2. Interactions with sfermions
Sneutrino LSP can decay from sleptons and heavier sneutrinos via SM gauge bosons or SM higgs which we have
discussed below:
a. Interactions with Gauge-Bosons
1. A (e˜IL → ν˜iRWµ) = i2 g2Z∗ν˜ iI ( pν˜i − pe˜L )µ
2. A
(
ν˜
j
H → ν˜iRZµ
)
=
1
2
(g2 cos θw + g1 sin θw ) ( pν˜H − pν˜i )µ
3∑
k=1
Z∗Hν˜ jk Z
∗
ν˜ ik
here H denotes the heavier sneutrino eigenstates and hence j runs from 1 to 5. One has to keep in mind that
this vertex is non-zero only when the CP nature of the two participating sneutrinos(ν˜jH and ν˜
i) are opposite.
Hence if Zν˜ is the diagonalizing matrix corresponding to CP-even states then Z
H
ν˜ has to be that corresponding
to CP-odd states.
b. Interactions with SM higgs
1. For a heavier CP-even(or CP-odd) sneutrino(ν˜jH) decaying into a lighter CP-even(or CP-odd) sneutrino (ν˜
i),
A
(
ν˜
j
H → ν˜iRh
)
=
i
2
√
2
(
µ
3∑
p,k=1
[
Z∗Hν˜ jk Z
∗
ν˜ i(3+p) + Z
∗H
ν˜ j(3+p) Z
∗
ν˜ ik
]
Y ∗ν pk
+µ∗
3∑
p,k=1
[
Z∗Hν˜ jk Z
∗
ν˜ i(3+p) + Z
∗H
ν˜ j(3+p) Z
∗
ν˜ ik
]
Yν pk
)
− 2(g21 + g21) vd
3∑
k=1
Z∗Hν˜ jk Z
∗
ν˜ ik
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For higgs-mediated sneutrino decays also j runs from 1 to 5 as in the case of Z-mediated processes and in this
case both Zν˜ and Z
H
ν˜ have to be the mixing matrix corresponding to CP-even (or CP-odd) states.
In diagonalizing sneutrino mass matrix and calculating all the Feynman Rules we have used SARAH [84].
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